locations (~6300 km on a great circle) imply that such environments have multiple occurrences in Noachian terrain. The high carbonate concentration in the Comanche outcrops is evidence for climate models (3) involving a CO 2 greenhouse gas on a wet and warm early Mars and subsequent sequestering of at least part of that atmosphere in carbonate minerals. O ne of the most important properties of metal-organic frameworks (MOFs) is their high porosity (fraction of void volume to total volume) and high specific surface area, which has led to many applications concerned with gas storage, separations, and catalysis (1) (2) (3) (4) (5) (6) ). An important consideration in maximizing the uptake of gases within porous MOF crystals is to increase the number of adsorptive sites within a given material. The simplest way to accomplish this is to use slim organic linkers in which the faces and edges of the constituent units (such as phenylene rings) are exposed for gas adsorption (7, 8) . Thus in principle, expansion of the organic links should lead to MOFs with ultrahigh porosity.
However, difficulties arise when targeting such MOFs: (i) Expanded links often yield fragile frameworks (9) , and (ii) the large void space within the crystal framework makes it generally susceptible to self-interpenetration (two lattices grow and interpenetrate each other), precluding high porosity (10, 11) . In this report, we present four examples of MOFs for which it was possible to overcome the two challenges and to obtain materials with the highest porosity yet achieved. of MOF crystal) yet reported.
In the pursuit of MOFs with ultrahigh porosity, the octahedral Zn 4 O(CO 2 ) 6 has had a prominent role as a building unit in producing structures exhibiting exceptional porosity (Scheme 1) (7, 8, (12) (13) (14) . Joining such units by 4,4′,44″-benzene-1,3,5-triyl-tribenzoate (BTB) and/or 1,4-benzenedicarboxylate (BDC) linkers produces MOF-5, UMCM-2, and MOF-177 (7, 8, (12) (13) (14) , which heretofore showed the highest BET surface area and pore volume among MOFs (Table 1) . We sought to test the likelihood of reaching higher porosities by expanding the links in MOF-177 and by further exploring the role of mixed links in producing the desired structures. We prepared the expanded forms of MOF-177 from 4,4′,4″-[benzene-1,3,5-triyl-tris(ethyne-2,1-diyl)]tribenzoate (BTE) and 4,4′,4″-[benzene-1,3,5-triyl-tris(benzene-4,1-diyl)] tribenzoate (BBC) to give MOF-180 and MOF-200, respectively, and used mixed 4,4′,4″-benzene-1,3,5-triyl-tribenzoate (BTB)/2,6-naphthalenedicarboxylate (NDC) and BTE/biphenyl-4,4′-dicarboxylate (BPDC) links to obtain MOF-205 and 210 (Scheme 1 and Table 1 ). Here, we present the synthesis and crystal structures of the four MOFs and report their adsorption of nitrogen (77 K, 1 bar), hydrogen (77 K, 80 bar), and methane and carbon dioxide (298 K, 80 and 55 bar, respectively).
It is a basic tenet of reticular chemistry that, in the assembly of variously shaped geometric units, frameworks with highly symmetric vertices and, ideally, one kind of link ("edge transitive") would be most likely to form. In the present case of linking octahedral and triangular units, at first sight the most favorable net ("net" refers to the periodic graph that is the underlying topology of the structure) appears to be pyr (15) . Indeed, that is the observed net in MOF-150 (16) and related MOFs; however, these form unwanted (denser) structures with two interpenetrating networks. This is unsurprising because pyr is a net with a selfdual tiling (the same net from when linkers replace vertices, and vice versa). The interpenetrating dual nets have the same connectivity involving alternating octahedra and triangles (Fig. 1, A and B) . We recognized that it is necessary to build a MOF with expanded organic links that is based on a net with a very different from its dual so as to avoid interpenetrating frameworks (Fig. 1, C and D) (7) .
In earlier studies, we found that with aromatic tritopic linkers of the sort used here a closely related net (qom) is produced in MOF-177 ( Fig. 1F ) (7), in which alternating octahedral Zn 4 O(CO 2 ) 6 and triangular BTB units produce one of the most porous structures yet reported, and for which the interpenetrating dual net involves direct links between octahedral units and between triangular units (Fig. 1, C to E) . However, it is impossible to create a MOF with such linkages, and an interpenetrating pair of MOFs does not appear.
Accordingly, an isoreticular non-interpenetrating expansion of MOF-177 was targeted by using BTE or BBC to make the highly porous materials MOF-180 and -200 (Fig. 1, G and H) (17) . The unit cell volumes of MOF-180 and -200 are respectively 1.9 and 2.6 times greater than that of MOF-177, with void volumes of 89 and 90% of the crystal volume ( Table 1 ). The cage sizes for MOF-180 and -200 are 15 by 23 and 18 by 28 Å, respectively, which is on the border of micropores and mesopores. The bulk density for MOF-200 is 0.22 g cm −3 , implying that the qom net is advantageous to reduce the dead space and increase the gas storage capacity per unit volume in a closed tank. This density is the lowest for MOF structures, and of any other crystals at room temperature except for those of the least dense covalent organic frameworks (18) .
On the basis of our effective use of the qom net for the successful synthesis of the noninterpenetrating MOF-180 and MOF-200, we recognized that other MOFs of nets without self-dual tilings could be made if we used mixed organic links of mixed connectivity. We used both tritopic H 3 BTB and ditopic H 2 NDC in a reaction with Zn ions to produce Zn 4 O(CO 2 ) 6 units and make MOF-205 ( Fig. 2A) (17) . Its structure belongs to a cubic space group Pm 3n and consists of one type of Zn 4 O(CO 2 ) 6 the underlying net are 5-rings, and it forms a facetransitive tiling of dodecahedra [5 12 ] and tetrahedra [5 4 ] in the ratio 1:3 (Fig. 2C) . The dual structure (ith) is an edge-transitive net with tetrahedral and icosahedral vertices and very different from the original net.
Attempts at isoreticular expansion of MOF-205 by use of the linkers BTE and BPDC produced a different but related material (termed MOF-210) (Fig. 2B) . MOF-210 was prepared from a solvothermal reaction of H 3 BTE, H 2 BPDC, and zinc(II) nitrate hexahydrate (17) . Similar to the discovery of MOF-177 (7), this proved to be serendipitous: Rather than the 12-face tile of ith-d, the new topology has 30-face tiles, and the full tiling consists of [4 6 . 5 24 ], [4 3 . 5 6 ], and [5 4 ] in the ratio 1:2:3 (Fig. 2D) . It is hard to envisage how the connectivity is determined; however, we believe the subtle difference in the link length ratio (for example, 0.76 for MOF-210 and 0.79 for UMCM-2) may be important. The dimension of the largest cage in MOF-210 is 26.9 by 48.3 Å, which comprises 18 Zn 4 O units with 14 BTE and 6 BPDC links. The estimated bulk density (void space) is 0.25 g cm −3 (89%), which is almost the same as that for MOF-180.
Considering the bulk density and void space calculated from the crystal structure analyses, MOF-200 and -210 are promising candidates to realize ultrahigh surface area. Before gas adsorption measurements, grand canonical Monte Carlo (GCMC) simulations were performed to calculate nitrogen adsorption isotherms (17) . Predicted isotherms (Fig. 3A) show unusual steps attributed to the micropore filling at P/P 0 = 0.12 and 0. , respectively. The BET and Langmuir surface areas determined from these calculated isotherms are respectively 6260 and 12,040 for MOF-200 and 6580 and 10,450 m 2 g −1 for MOF-210; these are much higher than values reported previously for other porous crystals.
To assess the architectural stability and porosity of these low-density MOFs, and to confirm the calculations, we measured nitrogen adsorption isotherms on the guest free samples of MOF-200, -205, and -210. Preliminary trials revealed that the solvent exchange followed by pore evacuation under vacuum was not effective to activate MOF-200 and -210 without losing the porosity. Thus, these crystals were fully exchanged with liquid CO 2 , they were kept under supercritical CO 2 atmosphere, and then their pores were bled of CO 2 in order to yield activated samples (20, 21) . Successful guest removal was confirmed by powder x-ray diffraction measurements and elemental analyses (21) . As shown in , respectively.
These uptake values in MOF-200 and -210 are well beyond those observed for other crystalline porous solids (7, 13, 14, (22) (23) (24) . Further, the measured values are near the values predicted on the basis of the structure, indicating that these materials are well activated. Because of the successful sample activation, extremely high BET (and Langmuir) surface areas were obtained: 4530 (10,400), 4460 (6,170), and 6240 (10,400) m 2 g −1 for MOF-200, -205, and -210, respectively (25) . The BET surface area of MOF-210 is the highest reported for crystalline materials. It has recently been shown that the BET method applied to nitrogen adsorption isotherms provides physically meaningful values for the surface areas of MOFs (25) .
Given the exceptional properties of such materials, it is expected that MOFs with ultrahigh surface area would exhibit exceptional gas storage capacity. Accordingly, this series of MOFs was subjected to high-pressure hydrogen (77 K) and methane (298 K) adsorption so as to examine their potential utility in the storage of gaseous fuels (Fig. 3, B and C, and table S12 ). In hydrogen isotherms, these MOFs reach saturation ) is higher than those in MOF-5, MOF-177, UMCM-2, and NOTT-112 (13, 14, 22, 26, 27) . The total uptake that a material can store is more relevant to the practicability of using H 2 as a fuel, but it cannot be measured experimentally. Therefore, we estimated this value using the pore volume and the density of hydrogen at 77 K (22) . The calculated gravimetric hydrogen density in MOF-210 (176 mg g , respectively); again, these values are higher than MOF-177 (22) .
Methane uptake was measured at 298 K and up to 80 bar (Fig. 3C) ; under the present experimental conditions, all isotherms were not saturated. Although the excess methane uptake in MOF-200, -205, and -210 (234, 258, and 264 mg g −1 at 80 bar, respectively) were smaller than that in PCN-14 (253 mg g −1 at 290 K and 35 bar, respectively) (28), the calculated total uptakes (446, 394, and 476 mg g −1 for MOF-200, -205, and -210, respectively) were more than 50% greater than those of PCN-14. Moreover, the corresponding volumetric methane densities in the present MOFs are respectively 2, 3, and 2.5 times greater than volumetric bulk density (grams per liter) of methane at the same temperature and pressure (table S12). Because the isotherms are nearly linear up to 80 bar, these materials can deliver most of the sorbed methane in the pressure range between 10 to 200 bar.
Large storage volumes should also be desirable for short-term CO 2 storage. High-pressure CO 2 isotherms for all three MOFs were collected and are presented in Fig. 3D . These MOFs show sigmoidal isotherms, and the pressure for the steep rise reflects the pore size of the MOFs. An isotherm for MOF-205 is saturated at a pressure of 37 bar, whereas the saturation pressure for MOF-200 and -210 are~50 bar. In contrast to hydrogen and methane uptakes, the amounts of excess CO 2 uptake are directly related to the total pore volume. The CO 2 uptake value of 2400 mg g , and for a cube of edge d the external surface area/volume is 6d 2 /d 3 = 6/d. Thus, for a monodisperse powder of cubic nanoparticles to have external surface that is equal to that of these MOFs the cube edge would have to be only 3 to 6 nm, which is a size far too small to practically realize in stable dry powders and therefore impossible to access the full surface area of such particles. This analysis emphasizes that MOFs are truly "nanomaterials" in the sense that they can be designed to give volume-specific surface areas that are equal to the external surface areas of nanometer-sized particles.
